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Summary

The mushroom bodies of Drosophila melanogaster are discrete substructures of the fly
brain that have been implicated in mediating the processes that underlie learning and
memory. Specific chemical ablation of the mushroom bodies greatly reduces flies'
performance in associative learning tasks. The two best characterised mutants deficient
in learning and memory are dunce and rutabaga. Both have preferential expression in
the mushroom bodies, and have helped elucidate the biochemical mechanisms
underpinning learning in Drosophila. Identification of other genes with mushroom
body preferential, or specific, expression will be necessary to understand other aspects
of these biochemical mechanisms.

Enhancer-traps are engineered P-element transposons that carry a reporter gene
under the control of a minimal promoter. Genomic insertion of the enhancer-trap in the
vicinity of an enhancer allows the expression of the reporter gene, and the identification
of tissue specific expression patterns. Genes flanking the enhancer-trap may have a
similar tissue specific expression pattern.

Twenty-four fly lines, with enhancer-trap expression in the mushroom bodies,
were isolated from a screen of 1400 fly lines containing a single copy of a P[GALA]
enhancer-trap (Yang, 1995, Armstrong, 1995). These twenty-four fly lines were made
avaijlable to me for further study. Initially, genomic DNA flanking the enhancer-traps
was acquired by plasmid-rescue, and analysed by reverse Northern, using probes copied
from fly head or body derived mRNA. Many of the rescued-plasmids were shown to
contain transcriptional units, some of which clearly had head elevated expression. Two
fly lines, 201Y and 43Y, were selected for further detailed study. The genes adjacent to
the 201Y and 43Y enhancer-traps were identified by screening cDNA libraries with
probes derived from rescued-plasmids or genomic DNA clones, and subjecting isolated
cDNA clones to sequencing analysis.

The genes flanking the 201Y enhancer-trap are the previously uncharacterised
Drosophila homologue of 12kDa FK506 binding proteins (FKBP12), and a new gene
(known as A421) with no significant homology to other genes in the DNA sequence
databases. Northern analysis revealed that the FKBP12 gene is expressed at all
developmental stages, but it was not determined if it has elevated expression in the
mushroom bodies. Conceptual translation of the largest A421 ORF gives a protein of
510 aa, that has a glutamine-rich region, a potential leucine-zipper (of novel structure),
and a new zinc-finger-like motif of the form WXCX5 4CX3NeCX2CX34R/K. This
previously undescribed zinc-finger-like motif was identified in twenty other proteins of
diverse functionality, and may play a role in mediating protein-protein interactions.
Northern analysis indicates that the A421 gene produces four transcripts, two of which

clearly have elevated expression in fly heads. Furthermore, in situ hybridisation of DIG
iv



labelled cDNA probes to fly head sections, suggests that the A421 gene is expressed in
neurons of the fly brain, but not with elevated or specific expression in the mushroom
bodies.

The genes flanking the 43Y enhancer-trap are ultraspiracle and a-actinin. Both
of these genes have been previously cloned and characterised in Drosophila. The
ultraspiracle gene product has homology to the retinoid X receptor class of proteins,
and interacts with the ecdysone receptor to produce a DNA binding heterodimer that
mediates ecdysteroid-induced gene expression (Yao et al., 1993). Immuno-
histochemical analysis indicates that the wltraspiracle gene product is present in all
neurons of the fly CNS, with no noticeable concentration in the mushroom bodies. -
Actinin is an actin cross-linking protein commonly associated with the Z-discs of
muscle fibres (Blanchard et al., 1989). However, immunohistochemistry, using an
antibody to waterbug x-actinin, suggests that o-actinin is preferentially expressed in the
mushroom bodies. -Actinin is an integral constituent of the the neuronal cytoskeleton,
and may play a role in the mushroom bodies by mediating neuronal plasticity. o-
Actinin is thought to link NMDA receptors and integrins to the neuronal cytoskeleton
and may function in mushroom bodies by regulating the activity of these molecules.

iv



Chapter 1

Introduction



1.1 Introduction

Drosophila is a holometabolous dipteran insect, i.e. it has two wings (the posterior pair
of wings forming halteres), six legs emerging in pairs from three thoracic segments,
and it undergoes metamorphosis with the fully formed adult or imago emerging from a
pupal stage. During the embryonic stage the cells that comprise the body of the larva
are formed, and at hatching are fully differentiated and undergo no further division, the
rapid growth of the larva being accounted for by increases in cell size. Cells that will
later form adult body stuctures also appear early in embryonic development. They are
collected in structures known as imaginal discs and continue to proliferate, but without
differentiation, until late larval stages. Early in pupal metamorphosis the larval body
structures are degraded and the imaginal discs evert and fuse together. These fused
imaginal discs, upon differentiation, form most of the adult epidermal structures such
as wings, legs, eyes etc. However, the central nervous system (CNS) is an important
exception to this developmental pathway (as are the Malpighian tubules of the excretory
system). The brain of the adult Drosophila is not formed from an imaginal disc, rather
CNS development starts at embryo stage 8, when the first neuroblasts begin
proliferating, with new neurons being added continuously until late in pupal
development.

The Drosophila brain is a complex structure comprising some 200 000 neurons.
It is divided into a number of anatomically discrete substructures, whose cell bodies are
located in a thin rind on the surface of the brain surrounding a dense neuropil of
dendritic and axonal processes. Visual information is initially handled by the optic
lobes, structures located in the lateral portions of the brain, before being further
processed by the central brain. The optic lobes can themselves be subdivided into the
regularly ordered neuropils of lamina, medulla, lobula and lobula plate. The central
brain region can be divided into the antennal lobes (used for processing olfactory
information), the mushroom bodies (described in detail below) and the central complex.

This latter structure can be further subdivided into the ellipsoid body, the fan-shaped
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body, the protocerebral bridge, and the noduli. The function of the central complex is
not completely clear but it is thought to participate in the coordination and modulation of

motor activities (Strauss and Heisenberg, 1993).

1.2 The Mushroom Bodies

The mushroom bodies (MBs), or corpora pedunculata, are a pair of prominent
structures arranged with mirror symmetry in the brains of insects, first identified in
honeybees almost one and a half centuries ago (Dujardin, 1850). MB intrinsic
neurons, or Kenyon cells (named after F.C. Kenyon, an early neuroanatomist who
studied bee MBs), arise from dense clusters of cell bodies above each brain
hemisphere. Beneath the cell bodies is a bulbous aggregation of dendrites known as
the calyx, and below this the pedunculus, a stalk-like structure of Kenyon cell axons
projecting almost to the front of the brain. Here the pedunculus divides into a vertical
projecting a.-lobe, and f/y-lobes projecting medially (figure 1.1).

The major inputs impinging upon the calyces of the MBs are from the antennal
lobes (AL), which receive olfactory information directly from sensory hairs on the third
antennal segment. A bundle of fibres, the antenno-glomerula tract, extends from the
AL to the lateral horn of the protocerebral bridge and sends a network of fibres into the
MB calyx (Strausfeld, 1976; Stocker et al., 1990). In other insect species the MBs also
receive inputs from visual and other sensory systems, and therefore seem in a position
to integrate multimodal information. MB outputs extend from the lobes to most major
areas of the brain, whereas some fibres provide feedback connections between the
calyx, peduncle and lobes, and yet other fibres connect the MBs to each other across
the sagittal midplane.

The question arises as to whether the intrinsic neurons of the MB are an
isomorphic array of equivalent neurons, or alternatively are these intrinsic neurons
genetically or physiologically, and therefore functionally, distinct? A study of

enhancer-trap expression within the MBs has revealed some interesting distinctions
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(Yang et al, 1995). A detailed examination of eight different fly lines, with P{GALA4]
enhancer-trap expression in the MBs, indicate that they are not composed of a
genetically homogeneous set of neurons. Each fly line had enhancer-trap expression
within the main components of the MBs (i.e. cell bodies, calyx, pedunculus and lobes)
but often only comprising a subset of the Kenyon cells involved in these structures.
For each line the expression pattern was different, with different lines expressing in
different, sometimes complementary, subsets of cells, indicating that at least at the level

of gene expression the MBs are composed of distinct sets of neurons.

1.3 Brain development

The postembryonic growth of the Drosophila CNS is governed by the activity of a
number of neuroblasts, which are considered to be the same as those active in the
embryo (Truman, 1990; Prokop and Technau, 1991). Neuroblasts undergo
asymmetric division giving rise to a smaller ganglion mother cell (GMC) and another
neuroblast. The GMC then divides to form two post-mitotic neurons, which do not
undergo any further division. The activity, number and distribution of the
postembryonic neuroblasts has been studied in great detail by Ito and Hotta, 1991. By
feeding 5-bromo-2'deoxyuridine (BRdU, which is only incorporated by cells
undergoing DNA replication) to larvae, or injecting it into the CNS of pupae, they were
able to monitor the number and activity of neuroblasts immunohistochemically in
whole-mount preparations. They found that immediately after larval hatching there are
five active neuroblasts in each hemisphere of the brain. Four are clustered in in the
dorsal region of the brain above the MB neuropile, and give rise to the intrinsic neurons
of the MBs. The fifth neuroblast is at the ventro-lateral side of each hemisphere and
gives rise to the antennal lobe structures. No other active neuroblasts appear until eight
hours after larval hatching, the number then increasing to approximately 85 per
hemisphere some 40 hours later. The number of active neuroblasts then remains

constant until 30 hours after puparium formation, when it falls rapidly to leave four per
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hemisphere. These four (which are considered to be the same MB neuroblasts
observed in the early larval stage) continue proliferating for a further 50 hours until late
in pupal development.

The cell cycle period of the MB neuroblasts was determined, for the various
developmental stages, by counting the number of surrounding GMCs for different
BrdU labelling times. Using these cell cycle data the total number of MB intrinsic
neurons, or Kenyon cells, derived from the four persistent neuroblasts was calculated
to be 800-1200 per hemisphere. This is in disagreement with the observed number of
approximately 2500 Kenyon cell fibres in the pendunculus of adult flies (Balling e al,
1987). Although there are 300 Kenyon cells formed during embryonic stages, this is
insufficient to account for the discrepancy. A possible explanation is that other
neuroblasts observed close to the four MB neuroblasts, during mid larval-early pupal
stages, also take part in the formation of the MBs. However, the construction of the
Drosophila brain, and in particular the MBs, is more complex than a simple addition of
neurons throughout development. At the third instar larval stage the number of axons
in the peduncle of the MBs is approximately 2100. Within 12 hours of puparium
formation, however the number drops by 40% before increasing again to the normal
adult level (Technau & Heisenberg, 1982). This degeneration and regrowth affects
only the Kenyon cell projections, the cell bodies remaining intact and viable
throughout. Two mutants have been described (mushroom bodies deranged, mbd and
mushroom body defect, mud) that have enlarged MB calyces, but the peduncle and
lobes are either completely missing or greatly reduced (Heisenberg, 1980).
Interestingly the morphologies of the larval MBs are almost normal (although
somewhat enlarged in mud mutants), the major defects only appearing in the adult. It
would appear that in these mutants the growth of imaginal Kenyon cell projections is
somehow misdirected, and the axons remain at the calyces thereby enlarging these
structures. Although the MBs undergo a major reorganisation during metamorphosis, a
central bundle of approximately 500 larval Kenyon cell fibres appears to remain intact

throughout. This central bundle is frequently missing in the mbd mutant, and it is
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therefore possible that it plays a role in directing the correct growth of the new imaginal
fibres. During pupation the peripheral nervous system is completely reorganised,
reflecting the demolition and replacement of sense organs and motor systems. The
reorganisation of the MBs may be related to these peripheral changes, with the newly
connected Kenyon cells enabling the adult fly to process, and respond to, the different
environmental cues of adult life.

An examination of the precise role of the individual MB neuroblasts in
generating the particular substructures of the MBs has recently revealed further
structural divisions within the MBs (Ito ez al, 1997). Using clonal analysis, based on a
combination of the flp/FRT and GAL4/UAS systems, they were able to determine that
each MB neuroblast gives rise to neurons that contribute to the entire MB structure, i.e.
the MBs are fourfold structures composed of clonal sets of neurons derived from each
of the four neuroblasts. An examination of 19 enhancer-trap lines with different
expression patterns in the MBs, revealed that each line expressed in each of these four
clonal sets. This strongly suggests that each clonal unit is a composite of genetically
distinct neurons and that each clonal unit also contains most, if not all, of the genetically

distinct types of cell comprising the MBs.

1.4 Chemical Ablation of the Mushroom Bodies

As described in detail in the previous section, for eight hours after emergence of the
Drosophila larva, only five neuroblasts are active in the Drosophila brain. Four of
these are MB néuroblasts, and the fifth gives rise to AL neurons. If a larva is fed
hydroxyurea (HU, an agent that kills dividing cells) for this eight hour period only, the
MBs and some AL neurons will be largely ablated, leaving the rest of the fly brain
intact (Prokop and Technau, 1994). Flies that have undergone this treatment have been
studied for their performance in an olfactory shock avoidance paradigm (see section 1.6
for a description of this, and other, associative learning paradigms). The HU treated

flies had MB calyces some 0.7% of the volume of control flies, with ALs of 68%



normal volume, the rest of the brain being apparently normal (de Belle and Heisenberg,
1994). These flies had almost normal olfactory acuity, shock reactivity and mobility,
but were virtual unable to learn an odour-shock association, thereby emphasising the
importance of the MBs in associative learning. Further studies using HU ablation have
confirmed these results (Jones and Tully, 1995). However, the performance of HU
ablated flies was indistinguishable from control flies in both habituation and
sensitization of the olfactory jump response. Thus indicating that the MBs are

dispensable for the normal functioning of flies in these nonassociative tasks.

1.5 Biochemical learning mutants

It would appear from MB ablation studies (see section 1.4) that the MBs are important
in associative learning. A number of single gene mutations have been isolated that also
reduce associative learning in flies. Studies of these mutants have helped to confirm the

importance of the MBs to associative learning.

1.5.1dunce

One of the best understood, most intensely studied, and the first isolated, of the
biochemical learning mutants is dunce. (Dudai et al., 1976). The first two alleles
(duncel and dunce?) generated were EMS induced mutations isolated using odour
avoidance learning, and although originally described as learning mutants, careful study
revealed almost normal learning but a rapidly decaying memory (Dudai, 1983). In
particular, in procedures that couple olfactory cues with food reward, the learning of
dunce mutants is indistinguishable from that of wild type flies, but again memory decay
is rapid (Tempel et al., 1983). Memory through metamorphosis is also deficient in
dunce mutant flies. Wild type larvae trained to associate an odour with an electric
shock in a classical conditioning procedure, will learn the association as larvae and

when tested eight days later still possess a memory of it as adults. However, dunce
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mutant larvae neither learn the association, nor retain a memory of it as adults (Tully et
al., 1994). The performance of dunce with regard to nonassociative behaviours, such
as sensitisation and habituation, is also defective, suggesting a possible conservation of
biochemical pathways for associative and nonassociative forms of learning (Duerr and
Quinn, 1982). Although dunce mutants perform well in tests of olfactory acuity, shock
avoidance and motor function, they have at least one other phenotype that highlights the
possible pleietropic effects of biochemical mutants, namely female sterility (Byers et
al., 1981).

The dunce gene has been cloned, and translation of the cDNA predicts a product
with significant homology to known cyclic nucleotide phosphodiesterases (PDE; Chen
et al., 1986). A number of studies have shown that all mutant alleles of dunce either
reduce or abolish Ca2+/calmodulin high-affinity cAMP PDE activity (Byers et al., 1981;
Davis et al., 1981; Kauvar, 1982; Shotwell 1983). There are at least two other distinct
forms of cyclic nucleotide phosphodiesterase in Drosophila, a Ca2+/calmodulin-
sensitive PDE and a ¢cGMP-specific PDE. The dunce form of PDE exhibits no
specificity towards cGMP even with substrate at a concentration of several hundred
micromolar. Expression of the dunce gene in yeast gives a form of PDE activity
indistinguishable from that missing in dunce mutants (Qiu et al., 1991). Interestingly,
the dunce gene also has weak homology to the precursor of the Aplysia egy-laying
hormone. Impairment of this function may explain the female sterility, seen in some
mutant alleles of dunce (Davis and Davidson, 1986).

The dnc gene is remarkable in both size and organisation, being the largest
characterised Drosophila gene. It extends over 148 kilobase pairs, encoding at least 10
RNAs, with the employment of multiple transcription start sites and alternative splicing
producing as many as 7 different PDEs (Qui et al, 1991; Qui and Davis, 1993). The
precise reasons for this degree of complexity have yet to be worked out, but
presumably it is required for the spatial and temporal regulation of multiple PDE

isoforms.



In common with other biochemical learning mutants, the possibility arises that
the dunce phenotype is due to some developmental requirement for the gene product,
rather than a physiological one. A number of studies suggest that this is not the case.
Feeding adult flies PDE inhibitors produces memory deficits very similar to those
found in dunce (Folkers and Spatz, 1984; Dudai er al, 1986). More compelling
evidence is provided by recent work rescuing the dunce memory deficit by expressing
PDE in adults under heat-shock control (Dauwalder and Davis, 1995). Interestingly,
expression of a rat homologue of dunce in adults, was also able to improve the flies
memory performance, suggesting functional conservation of dunce PDE across
species.

Perhaps the most important observation concerning the dunce gene product is
its expression within the Drosophila CNS, and in particular its concentration in the
MBs. However, even within the MBs dunce PDE is not uniformly distributed.
Immunohistochemical experiments reveal it to be concentrated in the y—lobes and the
lateral part of the pedunculus associated with the y-lobes (Nighorn ez al, 1991). Within
the medial part of the pedunculus, the calyces and the a— and B-lobes dunce PDE is
less concentated, but still at a higher level than other brain structures. Other studies
have revealed that steady-state levels of dnc RNAs are elevated in the MB perikarya
over other neurons, with the elevated RNAs arising principally from the third

transcription start site of the gene (Qui and Davis, 1993).

1.5.2 rutabaga

rutabaga (rut) is another well characterised learning mutant, originally isolated by an
odour avoidance learning screen of EMS induced mutations. As with dunce mutants,
rut mutants show rapid memory loss in a diverse array of associative and
nonassociative learning paradigms, from negative reinforcement of olfactory cues, to
habituation of the cleaning reflex (Tully and Quinn, 1985; Corfas and Dudai, 1989).

Genetic and biochemical studies rapidly associated the rut gene with the activity of a
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membrane bound, Ca2+/calmodulin-sensitive form of adenylyl cyclase (Livingstone ez
al., 1984; Livingstone 1985; Dudai et al., 1985). Recently, cloning of the rutabaga
gene has confirmed it as the structural gene for a Ca2*/calmodulin-sensitive adenylyl
cyclase (Levin et al, 1992). When expressed in a human kidney cell line, the activity of
the rut gene product was activated by GTP analogues, suggesting a possible regulation
by Gg proteins in vivo (Levin et al., 1992). However, absence of this enzyme in ruz
mutants does not reduce basal levels of cAMP, suggesting a regulatory, rather than a
maintenance, role for this enzyme (Livingstone et al, 1984). Altematively the ruz-
encoded enzyme may have a very low basal activity such that enzyme deficiency has
subtle effects on steady-state levels, the implication of this being that the activation of
the enzyme, by Ca2* or signals mediated by G-proteins, is the biochemical property
important for learning.

Six new alleles of rut have been isolated, from a screen of 5300 fly lines each
with a single insertion of a P-element enhancer-trap (carrying a lacZ reporter gene). All
six were part of a group of 90 fly lines initially isolated for their preferential expression
of the enhancer-trap in the mushroom bodies (Han ef al., 1992). Each new allele has
an insertion in the 5’ flanking region of the rur gene within 194 bp of the transcription
start site. For each allele the severity of the mutation correlates with the proximity of
the insertion to the transcription start site, and inversely with the Ca2t/calmodulin-
responsive adenylyl cyclase activity in fly heads (Han et al, 1992). Furthermore,
RNA in situ hybridisation and immunohistochemical studies demonstrated that the ruz
gene itself, although expressed throughout the fly brain, has elevated expression in the
MBs (Han et al., 1992). In particular, adenylyl cyclase is concentrated in the axonal
projections comprising the peduncle and the a, P, and y-lobes, with levels in the

calyces being much lower and similar to that found in other brain structures.
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1.5.3 Other Mutations

A number of other biochemical learning mutations exist, but most have not been studied
in such great detail as dunce or rutabaga. For some the genes have been cloned, and
are thus able to help shed some light on the molecular mechanisms underpinning
learning and memory.

Several mutations in DCO, the structural gene of the catalytic subunit of protein
kinase A have been isolated (Lane and Kalderon, 1993; Skoulakis et al, 1993).
Heterozygotes of two lethal alleles, DCOB10 and DCOS581, have only 60% wild type
protein kinase A activity, whilst a viable complementary cross has only 20% wild type
activity. These latter flies have normal olfactory acuity and shock reactivity, and when
tested in a negatively reinforced olfactory learning procedure show greatly reduced
initial learning, but a stable and longlasting memory (Skoulakis e a/, 1993). Similar
results were found in transgenic flies expressing a pseudosubstrate peptide inhibitor of
protein kinase A (Drain et al, 1991). Most interestingly, the catalytic subunit of protein
kinase A, like dunce and rut, is preferentially expressed in the MBs of the adult fly
brain (Skoulakis ef al, 1993). The RNA is found principally in the perikarya of MB
cells with little or none in the dendritic or axonal processes. Immunohistochemistry
experiments revealed that the PKA protein accumulates in the dendrites and axonal
projections of MB neurons with low levels found in the remainder of the general brain
neuropil.

Dopa decarboxylase is required for the synthesis of the neurotransmitters
dopamine and serotonin. Mutations in the gene encoding this enzyme (Ddc) are lethal
in Drosophila, but the existence of temperature-sensitive mutations has allowed the role
of this gene in learning and memory to be studied. Mutants that reduce the rate of dopa
decarboxylation to approximately 50% reduce the initial performance scores to 40-50%
in olfactory avoidance conditioning (Tempel e al, 1984). Whilst other mutants that
further reduce enzyme activity have a greater reduction in initial performance scores.

Interestingly it has been demonstated that dopaminergic fibres invade the MB lobes
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(Nassel and Elekes, 1992), and this together with the behaviour of Ddc mutants,
suggest a role for the neurotransmitters dopamine and serotonin in modulating the
sensory information presented during training.

The Su-var(3)6°! mutation which effects the structural gene for protein
phosphatase 1, and as a homozygote reduces enzyme activity to 30% of wild type, is
also deficient in learning and memory (Asztalos ef al, 1993). In an olfactory avoidance
conditioning paradigm, Su-var(3)6%! mutant flies displayed a large initial decrement in
learning and poor memory thereafter. However, although the flies had normal olfactory
acuity and shock reactivity, they had reduced motility and flight activity.

turnip, a learning mutant isolated in a behavioural screen, has only 20%-30% of
normal protein kinase C (PKC) activity (Quinn et al., 1979; Choi et al., 1991).
Although not thought to be the structural gene for PKC, furnip was considered as a
possible regulator of PKC, but genetic analysis suggests it is more complex than this
and may not be a monogenic trait (Tully, unpublished observations, cited in
Heisenberg, 1989).

An allele of shaker, a gene encoding a family of K+channels, has been shown
to be deficient in learning but almost normal in memory (Cowan and Siegel, 1986).
This is interesting in view of the observation that the MBs are rich in shaker-encoded
K* channels (Schwarz et al., 1990).

The learning mutants radish, amnesiac, cabbage, latheo and linotte have also
been isolated in behavioural screens (Aceves-Pina and Quinn, 1979; Folkers et al.,
1993; Boynton and Tully, 1992; Dura et al, 1993). Little is known about the
molecular nature of radish, and cabbage, but amnesiac, latheo, and linotte have
recently been cloned. In a screen of P-element mutations that rescue the dunce female
sterility phenotype, new alleles of ammnesiac were recovered (Feany and Quinn, 1995).
Molecular analysis revealed the P-elements to be inserted in a gene encoding
neuropeptides, with some homology to mammalian adenylyl cyclase activating peptide
and growth hormone releasing hormone. The linotte gene encodes a putative receptor

tyrosine kinase , homologous to the human protein RYK (Dura et al., 1995), whilst
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cloning of a gene that rescues the lethal phenotype of latheo, revealed a transcript with
no homology to known sequences (Mihalek et al., 1995). However, these mutants,
and radish and amnesiac in particular, have been useful in dissecting the various phases

of memory formation in Drosophila (Tully et al., 1990; Tully et al., 1994).

1.6 Drosphila behaviours

The detailed characteristics of Drosophila learning and memory have been studied by
analysis of a variety of associative and nonassociative behaviours. Olfactory classical
conditioning is a widely used, robust and well tested technique for the evaluation of
flies' associative memory. A standard procedure involves placing 100-150 flies in a
small cylinder with an electrifiable copper surface, whereupon the flies are
simultaneously presented with an odour and a series of small electric shocks. A
different control odour is then presented without electric shocks. At various time
intervals afterwards, the flies are placed in a T-maze and presented with a choice
between the two odours. Memory is quantified as the fraction of flies avoiding the
shock-associated odour minus the fraction that does not. Typically, when applied to
wild-type Canton-S flies, eighty percent of the flies avoid the shock-associated odour
immediately after training, producing a learning index of about 0.6 (Tully and Quinn,
1985). An alternative to this negatively reinforced associative paradigm is the coupling
of odour cues with a reward. The flies are similarly presented with two odours
sequentially, but in this situation one odour is associated with a sugar solution. Again,
after training, the flies are placed in a T-maze and presented with a choice between the
two odours, with memory performance being calculated in a similar fashion (Tempel et
al, 1983). Interestingly the characteristics of learning in this paradigm are different
from those of negative reinforcement, being less robust but more long lived. Similar
paradigms associating different colours of light with negative or positive reinforcers, to

test visual associative learning, have been developed (Folkers and Spatz, 1981;
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Heisenberg, 1989). Associative learning is not confined to adults, larvae can learn to
associate olfactory cues and negative reinforcement (Aceves-Pina and Quinn, 1979).

Nonassociative behaviours, such as habituation and sensitisation, have also
been studied extensively in the context of learning and memory. Application of weak
solutions of sucrose to leg chemoreceptors elicits a reflex extension of the proboscis.
Repeated application of the sucrose solution leads to a decrement, or habituation, in
proboscis extension events (Duerr and Quinn, 1982). Habituation of the cleaning
reflex upon repeated stimulation of the thoracic bristles has also been studied (Corfas
and Dudai, 1989). A fly suspended by a fine wire will beat its wings as if in flight.
Presentation of a rising horizontal stripe in its visual field will elicit the postural changes
required for imminent landing. Repeated presentation of the visual cue leads to
habituation of this landing response (Rees and Spatz, 1989). Sensitisation is a
nonassociative behaviour that has also been studied in the context of learning and
memory. Water applied to the leg chemoreceptors will not normally elicit the proboscis
extension reflex. However, if the water is applied after sensitisation by application of a
sucrose solution to the proboscis, then the extension reflex is evident (Duerr and
Quinn, 1982). Extension of the proboscis within two seconds after the presentation of
the water droplet is scored as a positive response.

It is clear that there are a large variety of fly behaviours that can be studied in the
context of learning and memory. It is also apparent that a mutant that performs poorly
in one behavioural paradigm often performs poorly in others as well, indicating a

common physiological link underpinning the different behavioural tasks.

1.7 Short-Term Memory: A Biochemical Synthesis.

Perhaps the most interesting observation arising from the study of biochemical learning
mutants, is the fact that three of them, dunce, rutabaga, and DCO, all encode proteins
involved in the cAMP second-messenger pathway. This is particularly so, when one

bears in mind the model used to explain sensitisation, and associative conditioning of
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the gill withdrawal reflex in Aplysia californica (Kandel and Schwartz, 1982; Hawkins
et al., 1983). Their model of associative conditioning assigns a critical role to the
coactivation of adenylyl cyclase. Stimulation of the sensory neuron causes CaZ*
activation of adenylyl cyclase; simultaneously, neurotransmitter release by a modulatory
neuron activates adenylyl cyclase via a receptor/G protein complex. This coincident
activation of adenylyl cyclase has a more pronounced effect upon enzyme activity than
two consecutive activation events (Hawkins ez al., 1983). The subsequent prolonged
increase in cAMP synthesis induces activation of PKA, by causing dissociation of the
catalytic subunits from the inhibitory regulatory subunits, and the consequent cascade
of protein phosphorylation alters the physiology of these cells. For example, K+
channels are closed by phosphorylation, with the result that further action potentials
have delayed repolarisation. Thus voltage-gated Ca2+ channels stay open longer,
leading to an enhanced response upon firing of the sensory neuron alone (figure 1.2).
It is entirely possible that other substrates of PKA, as well as Kt channels, play a part
in this chain of events.

Assuming this scheme is applicable to associative learning in Drosophila, it is
relative easy to see why the rutabaga and DCO mutants have defective memory. The
lack of adenylyl cyclase would prevent cAMP formation, whilst reduced PKA activity
would prevent phosphorylation of the necessary subtrates. However, dunce mutants
have high resting levels of cAMP, and thus require a more subtle explanation of their
phenotype. The constantly high levels of cAMP may alter the effectiveness of PKA
activation, or lead to desensitisation of the necessary neurotransmitter receptors. The
model can also accommodate the observations on Ddc and PPl mutants. Should
dopamine or serotonin be the modulatory neurotransmitters, Ddc mutants would be
predicted to fail in learning because of the requirement of the enzyme for
neurotransmitter biosynthesis. The PPl mutants would be defective in the
dephosphorylation of essential PKA substrates, with the imbalance producing learning
deficits. The transcription factor CREB is activated by PKA phosphorylation, leading

to changes in protein synthesis and longer term alterations in cellular physiology. Thus
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Figure 1.2. Model of associative learning in the Aplysia gill-syphon
withdrawal reflex. Stimulation of a modulatory neuron activates
adenylyl cyclase (AC) via a G-protein (G) coupled neurotransmitter
receptor (NTR). Prior stimulation of the sensory neuron also activates
adenylyl cyclase by Ca2* causing a prolonged increase in cAMP
synthesis. CAMP activation of PKA leads to a cascade of protein
phosphorylation, and alteration of the sensory neuron's physiology.
Repolarisation is delayed by phosphorylation of K* channels, with

the result that Ca2* channels stay open longer, leading to an
enhanced response upon firing of the sensory neuron alone.



mechanisms exist whereby the short term changes centred on the cAMP signalling
system can lead to the establishment of long term memories.

It is probable that the cAMP signalling pathway does not act alone and that other
mechanisms are at work (Davis, 1993). It would not be surprising if several
biochemical pathways are involved in the complex behaviour of associative learning.
Perhaps the PKC activity influenced by fur, or the unknown products of other mutants,
participate in these hypothetical alternative pathways. However, there is no doubt that
many molecules expressed in MB cells are likely to be involved in learning and
memory. Amongst these we can include transcription factors, proteins involved in
synaptic vesicle release and neuronal plasticity, cell surface molecules, as well as those
molecules involved in signal transduction cascades. It is clear that a detailed
understanding of MB physiology, in normal and learniny—deficient flies, is required to

elucidate the precise mechanisms underpinning learning and memory in Drosophila.

1.8 Mushroom Body Circuit Model

The structure of the Drosophila brain, and in particular the position of the MBs within
it, suggests the MBs are the site for the integration and possibly storage of information
acquired during olfactory learning. Drosophila sense odours by receptor hairs on the
third antennai segment. Initially this olfactory information is processed by the antennal
lobes of the brain before being transferred by projection neurons to the MBs (Davis,
1993). The MBs form part of an olfactory pathway that eventually leads to motor
systems (Strausfeld, 1976). It is possible that the MBs act as centres for the integration
of information from different sensory modalities, leading to a modulation of the
olfactory pathway (figure 1.3). For example neurons carrying the unconditioned
stimulus of electric shock, presented during olfactory conditioning, may impinge upon
Kenyon cells, altering their biochemistry and physiology and changing their synaptic

output. Thus modulatory neurons are able to alter the olfactory information that arrives
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at the dendrites of the Kenyon cells, and carried forward by these cells to their follower

neurons and ultimately on to motor systems.

1.9 P-elements

P-elements are naturally occurring transposons, that were first described as the
causative agents of the syndrome hybrid dysgenesis (reviewed in Engels, 1989). If M
strain females (lacking P-elements) are crossed to P strain males (having P-elements),
then mobilisation of P-elements occurs in germ-line cells. Phenotypic consequences
characteristic of the hybrid dysgenesis syndrome - chromosomal rearrangements, male
recombination, sterility, and a high frequency of new mutations - are then evident in
later generations. P-elements are 2.9kb in length, with four exons encoding an 87kD
transposase, whose activity is restricted to the germline by differential splicing (figure
1.4, Rio, 1991). Internally deleted non-autonomous P-elements, lacking a functional
transposase, can still be mobilised in the presence of full-length elements, because they
have the requisite cis-acting determinants. This fact has allowed P-elements to be used
as tools in mutagenesis strategies.

Improvements on the basic hybrid dysgenesis scheme have accompanied an
increased understanding of P-element biology. Fly strains containing specifically
engineered P-elements have greatly simplified mutagenesis schemes. The Birm-2 strain
has seventeen non-autonomous P-elements on the second chromosome, and is a useful
source of mutagenic ‘ammunition’ when crossed to a source of transposase (Engels et
al., 1987). The P-element derivative P[ry* A2-3] expresses transposase at high levels,
and a strain is available with this element immobilised at a third chromosome site
(figure 1.4, Robertson et al., 1988) It is then a simple matter to cross these strains
together, create new P-element insertions, and then stabilise these insertions in
subsequent generations by “crossing out” the P[ry* A2-3] containing chromosome.
Identification of mutations in a particular gene or genomic region is then dependent on

molecular techniques, but is greatly facilitated by the fact that the gene is ‘tagged’ by the
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transposon. A strategy based on PCR and sib-selection has been successfully used
(Ballinger and Benzer, 1989; Kaiser and Goodwin, 1990), and recently inverse-PCR
strategies have been described (Sentry and Kaiser, 1994; Dalby, et al., 1995).
However, it may soon be likely that for any gene of interest, a fly line will already exist
that has a P-element inserted in or close to it. Large collections of fly lines containing
single P-element insertions are already in existence (Cooley et al., 1988; Torok, et al.,
1992). Screening these collections by PCR, plasmid-rescue or other molecular

techniques, should identify any insertions of interest.

1.9.1 Enhancer-trap elements

In recent years one of the most productive uses of P-elements has undoubtedly been as
enhancer-trap elements, or enhancer-traps for short. Generally, a reporter gene under
the control of a minimal promoter, is engineered into an internally deleted non-
autonomous P-element (often containing little more than the cis-acting determinants
necessary for transposition). Upon insertion at some genomic location, the reporter
gene will only be expressed at significant levels if it comes under the control of a
nearby endogenous enhancer. The reporter gene expression pattern is assumed to
reflect expression of a nearby gene (or genes) under the control of the same enhancer.
Early enhancer-traps used the lacZ gene of E. coli, encoding the enzyme fB-
galactosidase (f$-gal), as a reporter (figure 1.5, O’Kane and Gehring, 1987).
Expression of f—gal is visualised by conversion of the chromogenic substrate Xgal, or
by using antibodies to the f—galactosidase enzyme. Enhancer-traps also normally carry
a phenotypic marker (e.g. whitet), so that flies carrying the enhancer-trap can be easily
recognised. Sequences that allow plasmid-rescue of flanking DNA are also included to
facilitate rapid identification of nearby genes.

Expression of a transgene in a cell or tissue specific pattern, identified by such
enhancer-traps, required tedious cloning and characterisation of flanking DNA to

identify sequences that conferred the pattern specificity. Development of a second
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generation of enhancer-traps overcame this problem (Brand and Perrimon, 1993).
These new enhancer-traps use a reporter gene that encodes the yeast transcriptional
activator GALA4, which has previously been shown to be functional in Drosophila
(Fischer et al., 1988). Rather than visualise the expression of GALA directly, it is used
to direct expression of a secondary reporter (e.g. lacZ). This secondary reporter is
contained within another engineered P-element and its expression is under the control
of the GALA dependent promoter, UASG (figure 1.5). Once an interesting expression
pattern has been identified, any transgene placed under UASg control can be expressed
in a similar restricted pattern. Of interest in this respect is the expression of cell
ablation agents, such as the polypeptides ricin and diphtheria toxin (Bellen et al., 1992;
Moffat ez al., 1992). Engineered to be cell-autonomous, and with the development of
temperature sensitive versions, these toxins may allow temporally and spatially
restricted cell ablation. Of course, many other uses of the “GALA4 system” are
possible, including ectopic gene expression, creation of dominant phenotypes,
expression of peptide metabolic inhibitors, and modulating gene expression with
antisense or ribozyme constructs.

The following example will illustrate the potential uses of this system.
Olfactory cues play an important role in Drosophila courtship behaviour. In particular,
pheromones released by the female are attractive to males (Hall, 1994). The potential
role of the MBs in processing this olfactory information in male flies has been
investigated by utilising PPGALA] enhancer-traps (O'Dell et al, 1995). A number of fly
lines were isolated with single P[GALA] enhancer-traps that have expression within
subdomains of the MBs. These lines were used to drive expression of the somatic sex-
determining gene transformer (tra), which was placed under UASg control, in the MBs
of male flies. Cells expressing fra are effectively feminized, and these males, with
parts of their MBs consequently feminized, were examined for aberrant courtship
behaviour. O'Dell et al. found that expression of fra in some subdomains of the MBs

(but not all) led to indiscriminate courtship behaviour, i.e. other males were courted
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almost as vigorously as females. This strongly suggests a role for particular
subdomains of the MBs in mate discrimination by males during courtship.

The utility to Drosophila neurobiology of the enhancer-trap approach is
dependent upon the generation of expression patterns, within the Drosophila brain,
restricted to particular cell types or anatomical substructures. Only through the
generation of such specific expression patterns can the enhancer-trap approach
contribute to an understanding of differential gene expression and the dissection of
functional sub-domains within the Drosophila brain. Are such restricted enhancer-trap
expression patterns readily apparent? The results from a large screen of 6000
enhancer-trap lines for expression in the adult brain of Drosophila, have recently been
reported (Han et al, 1996). Of 1082 lines examined in detail 8% showed no staining,
whilst 14% had ubiquitous expression in the head, with staining observed in brain,
muscles and fat cells as well as retinal and antennal structures. One half of lines had
widespread expression within the central nervous system (CNS), classified as;
complete CNS staining, or CNS except for the medulla, or staining within the central
brain, or within the central brain and the medulla. 16% had specific or preferential
expression in limited portions or particular sub-structures of the CNS. The remainder
were either unclassified or had expression restricted to peripheral head structures.

Those lines classified as having restricted or preferential expression, were
further classified according to which particular structures, within the Drosophila brain,
showed expression. Of 166 lines examined in detail, 14 lines showed expression in
retinal cells or ocelli, 26 in the lamina, and 25 in the medulla. One line showed
expression in the antennal lobes, while 22 lines were preferential or specific to the
MBs. A further 29 lines had patchy staining in unidentified cells of the protocerebrum.
Thus the enhancer-trap approach seems able to generate significant numbers and
varieties of restricted expression patterns within the Drosophila brain. These
expression patterns should prove useful to Drosophila neurobiologists in a number of
ways. Firstly, they represent valuable markers for cell types or cell populations, within

the Drosophila brain, for developmental and molecular studies. They can also be used
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to identify cell types during in vitro culture prior to physiological studies (Wright and
Zhong, 1995). These expression patterns have also proved useful as an effective pre-
screen for flies with a particular mutant phenotype. For example, a screen of enhancer-
trap lines, expressing in the MBs, for deficiencies in learning and memory, has
produced numerous alleles of rut (Han et al, 1992), and one new allele of DCO

(Skoulakis et al, 1993).

1.10 Conclusion

There is clearly good evidence implicating the mushroom bodies as centres of learning
and memory in Drosophila. Progress has been made in understanding the physiology
and biochemistry of mushroom body function, with analysis of the dunce and rutabaga
gene products being particularly revealing, but clearly further work is required.
Identification of other genes that have elevated, or specific, mushroom body expression
will allow further details of mushroom body function to be elucidated.

A screen of 1400 P[GALA] enhancer-trap lines had uncovered a number of lines
that had preferential expression within the mushroom bodies (Yang, 1995; Armstrong,
1995). Twenty four mushroom body expressing lines were made available to me for
molecular analysis, and typical expression patterns for these lines can be seen in figure
1.6. The expression of these lines within the mushroom bodies is not uniform, with
different lines staining different subsets of Kenyon cells, and many of the lines also
displaying expression in other regions of the fly brain. These enhancer-trap lines
represent a potentially important resource in furthering our understanding of mushroom
body function. Genes flanking the PIGALA] elements may also be under the control of
a nearby mushroom body enhancer, and will therefore also have preferential expression
in the mushroom bodies. The identification and analysis of some of these genes is the

purpose of this Thesis.
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Figure 1.6 Representative expression patterns for some
of the fly lines used in this study. Frontal sections of fly
heads in the plane of the mushroom body lobes, stained

for p-galactosidase activity.



Chapter 2

Materials and Methods
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2.1 DROSOPHILA

2.1.1 Culture

All flies were routinely cultured at 25°C or 18°C on Glasgow medium (35g dried yeast,
30g glucose, 15g sucrose, 15g maize meal, 10g agar, 10g wheat germ, 10g Soya flour
per litre of water). Reagents were dissolved by heating the water to boiling point.
Upon cooling to 60°C the antifungal agent Nipagen M (4-hydroxybenzoic acid

methylester) was added to a final concentration of 0.1% (w/v).

2.1.2 Nucleic acid isolation

Large-Scale Genomic DNA preparation

Approximately 1g of flies were added to a liquid Nitrogen cooled mortar and ground to
a fine powder in the presence of additional liquid Nitrogen. The powder was
transferred into an ice-cold 15ml Wheaton homogeniser containing 9 ml of ice-cold
homogenisation buffer (30mM Tris.HCI pH 8.0, 10mM EDTA, 0.1M NaCl, 10mM
p-mercaptoethanol) and 500ul of 10% (v/v) Triton X-100. After thorough
homogenisation the resulting homogenate was decanted through gauze into a sterile
30ml Corex tube on ice. The homogenate was spun immediately at 4000g for 10 min at
4°Cin a cooled rotor. The supernatant was decanted and the nuclear pellet resuspended
in 1ml of ice cold homogenisation buffer. Sml of nuclear lysis buffer (0.1M Tris. HCI
pH 8.0, 0.1M EDTA, 0.1M NaC(Cl, 0.5 ug/ml Proteinase K.) and 200ul of 30% (v/v)
Sarkosyl were added and the solution mixed by swirling prior to incubation for 2 hours
at 37°C. The solution was decanted into a preweighed Falcon Tube and 1.25g CsCl per
ml of solution was added. The solution was loaded into Polyallomer tubes and filled
with 1.25g/ml CsCl. The tubes were sealed and ultracentrifuged at 45K rpm for 16

hours in Ti70 rotor at 25°C. Samples were collected by dripping the solution through
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an 18 gauge needle inserted at the bottom of the centrifuge tube. 1.5 ml fractions were
collected initially, and then 0.5 ml fractions once the solution became more viscous.
The concentration of the DNA samples was crudely estimated using EtBr plates and the
fractions with the most concentrated DNA pooled and dialysed at 4°C against several
changes of TE. The yields of genomic DNA obtained were generally 100-200pg/gram

of starting material.

RNA and poly(A)* RNA isolation.

Adult fly heads and bodies were separated and collected using a previously described
procedure (Levy and Manning, 1981). One gramme of heads, bodies or whole flies
were homogenised in 10mls of denaturing solution (4M guanidinium isothiocyanate,
0.1M Tris-HCI pH8.0, 0.1M p-mercaptoethanol) using a Kinematica Polytron tissue
homogeniser for 2-3 mins at full-speed. The homogenate was vortexed after addition
of the following: 0.1vol 2M NaOAc, 1 vol. of acidic phenol, and 0.2 vol. chloroform,
left on ice for 15-30 min. and centrifuged at 12000g for 10 min. at room temperature.
The RNA was precipitated by addition of 1 vol of isopropanol to the aqueous phase,
and allowing the mixture to stand at -20°C for 60 min. The precipitate was collected by
centrifugation at 12000g for 10 min. at room temperature. The resultant pellet was
redissolved in 5ml of denaturing solution, and reprecipitated as described above. The
RNA pellet was resuspended in 70% ethanol and placed at -70°C for long term storage,
or the RNA was collected by centrifugation, dried and redissolved in 1 ml of H20 for

immediate use.

2.1.3 Plasmid-Rescue

Genomic DNA was prepared using a modification of the method of Hamilton et al.
(1991). DNA was extracted twice with an equal volume of phenol (equilibrated to

pH8.0), and once with an equal volume of chloroform, prior to precipitation with an
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equal volume of isopropanol. 1ug of genomic DNA was digested for 3hrs at 37°C with
10U of an appropriate restriction enzyme, followed by heat denaturation at 70°C for 15
mins. DNA was ethanol precipitated and redissolved in 100ul of T.E. prior to ligation
for 16 hrs at RT with 1U of T4 DNA ligase (Promega) in 1 X ligation buffer and a final
volume of 200ul. Following ethanol precipitation, ligated DNA was washed 3 X with
Iml of 70% ethanol, and redissolved in 10ul of distilled water. Sul was
electrotransformed into 40l of electrocompetent E. coli (strain MC1061) and selected

on LB agarose plates containing 100pg/ml ampicillin.
2.1.4 Sectioning and Staining for f—Galactosidase Activity

Fly bodies were in soaked in OCT 4583 medium for 3-5 mins prior to freezing and
mounting on a cryotome (Anglia Scientific, Cryotome 620). Sections (8-15 pum) were
cut at -19°C and collected onto gelatinised slides prior to air drying at room temperature.
Sections were fixed in 1% glutaraldehyde in PBS for 10-15 min at 4°C, and washed
three times for 10 min in PBS. Slides were placed in a humid box and 200ul staining
solution (0.2% X-gal, 10mM NaPO4 pH7.2, 0.15M NaCl, ImM MgCl,, 3mM
K4(FeCNg), 3mM K3(FeCNg), 0.3% (v/v) Triton X-100) added to each with a
coverslip placed on top to spread the solution over the specimen. Slides were left at

37°Cfor 2 hrs or until staining was obvious.
2.1.5 In situ hybridisation
Tissue Sections

Wild type flies were mounted side by side in a fly collar, soaked in O.C.T. compound |

(Lab-Tek division) for 30 min., frozen at -18°C, cut as 10 pum sections in a cryotome
(Anglia Scientific, Cryotome 620), placed on gelatinised slides and postfixed in freshly

made PLP fixative (4% (w/v) paraformaldehyde, 0.01M sodium meta-periodate,
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0.075M lysine, 0.044M NaCl, 0.037M phosphate buffer, pH7.4), they were treated
with 0.2N HCI for 20 min., washed in 2 X SSPE (0.36M NaCl, 0.02M NaH;POy,

2mM EDTA, pH 7.8) for 30 min. at 65°C, treated with 350pg/ml of auto-digested
pronase in SOmM Tris-HCl and SmM EDTA, pH 8.0, incubated in 2mg/ml glycine in
PBS, fixed in 4% paraformaldehyde in PBS for 20 min., and acetylated with 0.25%
(v/v) acetic anhydride and 0.1M triethanolamine in PBS for 8 min. The sections were
incubated with 150-200ul of prehybridisation solution (5 X SSPE, 50% (v/v)
formamide, 5% (w/v) dextran sulphate, 1 X Denhardt's solution, 250ug/ml of yeast
tRNA, 500png/ml of sheared Salmon sperm DNA) at 42°C for 2-3hr. They were then
incubated overnight with single stranded DNA probes at 42°C. The sections were
washed extensively, three times (15 min each) in 2 X SSPE, once in 1 X SSPE, and
once in 0.5 X SSPE at room temperature. A final wash was performed in low salt
buffer 2mM NaPPi, ImM NaPO4, 1mM EDTA, pH7.2) at 42°C. For immunological
detection of the hybridised probes, the sections were incubated with 200ul of 2% (v/v)
sheep serum (Gift from S.A.P.U. Law Hospital, Carluke, Scotland) in buffer I
(100mM Tris-HCI, pH 7.5, 150mM NaCl) with 0.3% (v/v) triton X-100 for 60 min.
The sections were incubated with 150-200ul of anti-digoxigenin antibody conjugated
with alkaline phosphatase (Boehringer Mannheim) diluted at 1:500 in buffer I for 2-3
hrs. After extensive washes in 100mM Tris-HCl, pH9.5, 100mM NaCl, 50mM
MgCl,, the sections were placed with 200ul of diluted chromogenic substrate solutions
(NTB and BCIP, X-phosphate) following the manufacturer's instructions (Boehringer
Mannheim), incubated in the dark at room temperature for 2-6 hrs. The reaction was

stopped by washing in 10mM Tris-HCl, ImM EDTA, pH8.0 for 10 min., washed in
H»0, dehydrated, and mounted with glycerol gelatin (Sigma).

Whole-mount brains

Intact adult brains were removed from fly heads under PBS, fixed in 4%

paraformaldehyde in PBS for 30 min, and washed twice for 1 hour in PAT (1 X PBS,
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1% bovine serum albumin, 1% Triton X-100). Brains were incubated overnight with
primary antibody diluted in 3% normal goat serum in PAT. Brains were washed three
times in PAT for 1 hour, incubated overnight with fluorescein-labelled secondary
antibody diluted 1:250 in PAT, washed twice for 1 hour in PAT, and once for 5
minutes with PBS. All of the above procedures were carried out at room temperature.
Stained brains were mounted in VectaShield (Vector), and visualised on a Molecular
Dynamics Multiprobe laser scanning confocal microscope using excitation (480nm) and

emission (530+/-15nm) barrier filters appropriate to the fluorescein label used.

2.2 BACTERIAL PROTOCOLS

2.2.1 Bacterial Strains

The bacterial strains used in this study were XL1-Blue, NM621, and MC1061. Their

genotypes are given below.

Strain Genotype Reference

XL1-Blue recAl, endAl, gyrA96, thi-1, hsdR17, Bullock et al,

supE44, relAl, lac, [F' proAB, (1987)
lacHZDM15, Tnl(tet")]

NMe621 hsdR, mcrA, mcrB, supE44, Whittaker
recD 1009 et al, (1988)

MC1061 FaraDI139, D(ara leu)7697, Dlac) ¢74,

galE15 galK16, hsdR2, strA, mcrA, mcrBl
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2.2.2 Plasmids

Plasmids used in this study, other than those whose construction is described within

this thesis, are listed below.

Plasmid Description Source/Reference
pBluescript®IIKS+/- Mead et al., (1985)
Stratagene USA
pBluescript®IISK+/- Mead ez al., (1985)
Stratagene USA
pST41 EcoRI-Hindlll Gift from
fragment of nina E, S. Tomlinson.

major opsin gene of
D.melanogaster in
pBluescript®IISK-

2.2.3 Bacterial Culture Media

L-Broth: 10g Bacto-tryptone (Difco), 5g yeast extract (Difco), 10g NaCl, per litre of
water andadjusted to pH 7.0 with NaOH.

L-Agar: As above with the addition of Bacto-agar (Difco) to 1.5% (w/v).

0.7% (w/v) Top Agarose: 0.7g agarose added to 100ml of L-broth, containing 10mM
MgSO4

All culture media were sterilised by autoclaving at 120°C for 15min.



2.2.4 Antibiotics and indicators

When necessary either ampicillin, at a final concentration of 50pug/ml (50mg/ml stock
solution in sterile distilled water), or tetracycline, at a final concentration of 12.5ug/ml
(12.5mg/ml stock solution in absolute ethanol) were added to broth or agar. 5-bromo-
4-chloro-3-indoyl-p-D-galactopyranoside (X-gal) and iso-propyl-B-D-
thiogalactopyranoside (IPTG) were added to molten agar (50°C) in order to detect
recombinant clones. X-gal was dissolved in dimethylformamide, and IPTG in sterile
distilled water. Both were stored at -20°C as 20mg/ml, and used at a final concentration

of 20pg/ml.

2.2.5 Transformationof E. coli

Preparation of competent cells

A 0.5ml inoculum from an overnight culture of XL1-Blue was added to S0ml of L-

broth, and grown with vigorous shaking for approximately 2hrs or until the cells had

reached an ODggo = 0.4. The cells were pelleted by centrifugation at 4000g for 10min.

at 4°C, the supernatant discarded, and the bacterial pellet resuspended in 20ml of ice-
cold 50mM CaCl,. The cells were repelleted as above, followed by resuspension in
2ml of ice-cold 50mM CaCl; for immediate use or after 24hrs storage at 4°C.

Transformation

10pl of a solution of DNA (50-150ng) was added to 200ul of competent cells and left
on ice for 45 min. The mixture was heat-shocked at 42°C for 2 min, then placed on ice
for 1min. before the addition of 1ml L-broth. The cells were allowed to recover at 37°C
for 30min before plating on L-agar plates containing appropriate antibiotics and

indicators. Plates were incubated overnight at 37°C to select for transformants.
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Preparation of electrocompetent cells

One litre of LB medium was inoculated with a 1/100 volume of a fresh overnight
culture of E. coli (MC1061). Cells were grown at 37°C with vigorous shaking to an
ODggo of 0.5. Cells were chilled on ice for 15 mins, and centrifuged at 4000g for
15mins at 4°C. The pellet was resuspended in 1 litre of ice-cold water and centrifuged
as above. Cells were resuspended in 20ml of ice-cold 10% glycerol and again
centrifuged as above. Cells were resuspended in a final volume of 2ml of ice-cold 10%

glycerol, and used immediately or stored at -70°C.

Electrotransformation

Electrocompetent E. coli were thawed at room temperature and 40ul of the cell
suspension added to Sul of DNA solution on ice, and left to sit on ice for a further one
minute. The mixture was transferred to an ice-cold 0.lcm electroporation cuvette,
placed within the E. coli Pulser® (BioRad) and given one pulse of 1.8 kV. 1 ml of
SOC medium (2% Bacto tryptone, 0.5% Bacto yeast agar, 10mM NaCl, 10mM MgCl,,
10 mM MgSO4, 20 mM glucose) was added immediately to the cuvette and the cells
gently resuspended. The cells were transferred to a fresh tube and incubated at 37°C

for 1 hour, followed by plating on LB agar plates with the appropriate antibiotics.
2.2.6 Plasmid DNA preparation

The alkaline lysis method of Birnboim and Doly, (1979), as outlined in Sambrook et al.
(1989) was used for the large-scale preparation of plasmid. Small-scale plasmid

preparation was performed using the Magic™ DNA purification system (Promega),

following the manufacturers recommended protocol without modification.
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2.3 BACTERIOPHAGE PROTOCOLS

2.3.1 Bacteriophage vectors

The lambda phage vectors used in this study were NM1149 and AGem-11. Their

genotypes are given below.

NM1149: Ab538 srTA3° imm434 srIA4® shndllIA6° srA5°. Murray, (1983)

AGem-11: shbl M1° b189 KH54 chiC srIA4® nin5 srAS . Promega.

2.3.2 Preparation of plating cells

To 100ml of LB media plus 0.2% maltose was added 100ul of an overnight culture of
bacterial strain NM621. The culture was grown at 37°C with vigorous shaking until the
0Dgop was approximately 0.5 and then placed on ice. The cells were centrifuged at
4000g for 5 min at 4°C, and the pellet resuspended in ice-cold 10mM MgSOy4 to a final

ODggo of 1.0. The cells were used immediately or stored at 4°C for up to two weeks.

2.3.3 Bacteriophage DNA preparation

Moderate scale Bacteriophage DNA preparation

To 500ul of plating cells was added 106 PFUs, and the mixture incubated at 37°C for
30 min to allow the phage to preadsorb onto the bacteria. The mixture was added to

37ml of LB medium and grown at 37°C with vigorous shaking for 12-15 hrs or until
bacterial lysis was apparent. 100ul of chloroform was mixed thoroughly with the lysed
bacteria, followed by the additon of 370ul of nuclease solution (Sug/ml DNase I,
Sug/ml RNase A, 50% glycerol, 30mM sodium acetate pH 6.8) and incubation at 37°C

for 30 min. Addition of 2.1g of NaCl was followed by centrifugation at 4000g for 20
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mins at 4°C. The supernatant was transferred to new tubes containing 3.7g PEG 6000,
and the PEG dissolved by gentle rotation. The tubes were placed on ice for 60 mins,

followed by centrifugation at 4000g for 20 mins at 4°C. The precipitated phage were
resuspended in 500ul phage buffer (10mM TrisHCl pH 7.5, 10mM MgSO,) by gentle
rotation. The phage were lysed by addition of 20ul 0.5M EDTA, 5ul of 20% SDS,
and 2.5l of 10mg/ml proteinase K, and incubation at 65°C for 30 mins. The mixture
was extracted with phenol (equilibrated to pH 8.0), and then with chloroform. The
DNA was precipitated by addition of 700ul of isopropanol, and storage at -20°C for 30
mins. After centrifugation at 12000g for 10 mins at 4°C, the DNA pellet was washed
with 1ml of 70% ethanol, dried, and redissolved in 300ul of TE. Yields were typically
50-100ug.

Small-scale Bacteriophage DNA preparation (Plate lysate method).

Approximately 105 pfu were added to 150ul of NM621 plating cells and incubated at
RT for 20 min. 3ml of 0.7% (w/v) top agarose were added and the mixture poured
onto an LB-agar plate. Plates were incubated at 37°C for 8 hours, or until phage

plaques were confluent. Phage were eluted by addition of 5ml phage buffer (10mM
Tris.Cl pH 7.5, 10mM MgSOQ,) with gentle agitation for 2 hours. The phage buffer

was decanted into an oakridge tube, centrifuged at 15000¢g for 5 min., and 10ul of
RNase/DNase solution added to the supernatant followed by 30 min incubation at RT.
4ml of a 20% (w/v) PEG, 2.5M NaCl solution were added and the solution left on ice
for 60 min. This was centrifuged at 15000g for 10 min to pellet the phage particles, the
supernatant removed, and the phage pellet resuspended in 500ul of phage buffer. Sul
of 10% (w/v) SDS and 5ul of 0.5M EDTA were added and the solution incubated at
70°C for 15 min. The solution was extracted with an equal volume of phenol, followed
by phenol/chloroform and chloroform extractions. The phage DNA was precipitated at

room temperature for 30 min by the addition of 350ul of isopropanol. The solution
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was centrifuged for 30 min and the resulting pellet washed in 70% ethanol before being

resuspended in 50ul TE. The yield obtained was typically 5-10ug of DNA.

2.3.4 Screening Lambda phage cDNA and genomic Libraries.

Screening of lambda ¢cDNA and genomic libraries was essentially as described in
(Sambrook et al., 1989). Briefly, five to ten thousand recombinant phage were plated
onto 10cm by 10cm L-agar plates, using 108 host plating cells and 0.7% (w/v) L-
agarose containing 10mM MgSQ4. The plates were incubated at 37°C for 8hr or until
phage plaques were just visible. Replica nylon membranes (Hybond-N) were lifted
from each plate and placed plaque side up on 3MM paper soaked in denaturing solution
(1.5M NaCl, 0.5M NaOH) for 3 min. The membranes were neutralised on 3MM
paper soaked in neutralising solution (1.5M NaCl, 0.5M Tris.HCl pH 7.2, 1mM
EDTA) twice for 5 min and washed in 5XSSC for a minimum of 15 min. Then subject

to UV crosslinking and probed as described elsewhere.

2.4 GENERAL MOLECULAR BIOLOGY PROTOCOLS

2.4.1 Quantification of nucleic acids

DNA and RNA was quantified spectrometrically by measuring the absorbance of the
sample at a wavelength of 260nm, and assuming for a 1cm pathlength that ODpegg = 1
corresponds to 50pg/ml for DNA and 40pg/ml for RNA. For small volumes of DNA
the concentration was estimated by spotting 1ul onto a 1% (w/v) agarose gel containing
0.5 pug/ml EtBr, and comparing the intensity of fluorescence of the sample, upon UV

illumination (254nm), to that of known standards
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2.4.2 Oligonucleotide synthesis

Oligonucleotides were synthesised by the solid state method on an Applied
Biosystemes Inc. PCR-MATE 391 DNA Synthesiser, employing phosphoamidite
chemistry. After ammonium hydroxide cleavage and deprotection, oligonucleotides
were evaporated to dryness under vacuum and redissolved in water. Typically,

sequencing primers were 18 nucleotides in length.

2.4.3 Restriction enzyme digests

DNA was digested in the appropriate BRL. REact buffer for the enzyme, using at least

2U enzyme per pg DNA. Incubations were carried out at 37°C, for either 1hr for

plasmid and phage DNA, or 3hr for genomic DNA.

2.4.4 Labelling nucleic acids

First Strand cDNA Probe.

To 1ug of polyA*+ RNA was added 70uCi of 600 Ci/mmole of [a—32P]dCTP, 4ul of 5
X first strand cDNA synthesis buffer (250mM Tris.HCl pH 8.3, 700mM KCl, 50mM
MgClz, 50mM DTT), 1ul 80mM NaPPi, 30U RNAGUARD, 2ul Oligo (dT);2.18,
20U AMYV reverse transcriptase and made up to a final volume of 20ul using RF water.
The reaction was incubated at 42°C for 30 min, followed by the addition of 1ul of
10mM dCTP and the incubation continued for a further 30 min. Hydrolysis of the
RNA was achieved by the addition of 1 volume of 0.6M NaOH, 20mM EDTA
followed by incubation at 65°C for 30 min. Unincorporated nucleotides were separated
using Sephadex G-50 columns (Sambrook et al., 1989). Incorporation was assessed
in a scintillation counter using Cherenkov counting on a small aliquot of the probe.

Specific activities of approximately 1x108 cpm/ug RNA were normally obtained.
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Random Prime Labelling of DNA

Linearised plasmids or gel-purified DNA fragments were radioactively labelled by
random priming (Sambrook et al., 1989). 50-100ng of DNA in (10ul of distilled
water) was denatured by heating at 100°C for Smin followed by quenching on ice. The
DNA was added to 6pl of 4 X random priming buffer (250mM Tris-HCl, 25mM
MgCl,, 100mM dNTPs, IM Hepes pH 6.6, 27 units (Az60)/ul random
hexanucleotides), S0uCi of 3000 Ci/mmole of [0.—32dCTP] and 5U of Klenow enzyme
(Promega). The reaction was performed in a final volume of 24pl for at least 12hr at
RT or 3hr at 37°C. Labelled DNA was seperated from unincorporated nucleotides by
Sephadex G50 (Pharmacia) chromatography, in columns prepared from disposable 1ml
syringes (Sambrook e al, 1989). Incorporation of radioactive precursor was calculated
by precipitation of the acid insoluble fraction in TCA. Typically probes had a specific
activity of 108-109%cpm/ug.

DIG labelled single-stranded DN A probes

Single-stranded digoxigenin labelled DNA probes were made using a method
employing thermal cycling (Patel and Goodman, 1992). The reaction contained 250ng
linearised plasmid in 0.5mM KCl, 10mM Tris-HCI, pH8.3, 1.5mM MgCl,, 0.01%
(w/v) Triton X-100®, 0.2mM dATP, 0.2mM dCTP, 0.2mM dGTP, 0.13mMdTTP,
0.07mM Digoxigenin-11-dUTP (Boehringer Mannheim), 150ng of either T7 or T3
primer, 1.25U of Taq polymerase (Promega) and was incubated for 30 cycles in a
Hybaid Thermal reactor (Hybaid) at 95°C for 45 sec, 55°C for 30 sec and 72°C for
Imin. The reaction product was precipitated by adding 10ug of glycogen, 0.1 vol of
3M NaoAc, pHS5.0, 3vol of absolute ethanol and storage at -20°C for 1-2 hr. The DNA
was pelleted (12,000g, Smin) at 4°C, washed with 70% EtOH, dried and resuspended
in 300ul of prehybridisation solution (5 X SSPE, 50% (v/v) formamide, 5% (w/v)
dextran sulphate, 1 X Denhardt's solution (2mg/ml BSA, 2mg/ml Ficoll, 2mg/ml
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polyvinylpyrolidone), 250pug/ml of yeast tRNA, 500ug/ml sheared salmon sperm
DNA) and used for in situ hybridisation without further dilution.

To evaluate the labelling reaction, Sul of 1xSSC (0.15M Na(Cl, 10mM
NaH,PO4, ImM EDTA, pH7.4) was added to 1ul of probe and the mixture boiled for
5 min, cooled on ice and centrifuged at room temperature for 5 min at 12,000g. 1-2ul
samples of the mixture were spotted onto a small nitrocellulose strip, and baked
between two sheets of Whatman 3MM paper at 80°C for 30min. The filter was soaked
in 2 X SSPE, washed twice for 5 min in PBT (1 X PBS, 0.2% (w/v) BSA Fraction V,
0.1% (v/v) Triton X-100®), and blocked for a further 30 min in PBT. The filter was
incubated for 30-60 min with the anti-digoxigenin antibody conjugated with alkaline
phosphatase (Boehringer Mannheim) diluted at 1:2000 in PBT for 30-60 min, before
being washed 4 times for 15 min in PBT with a final wash of 15 min in 100mM NaCl,
50mM MgCl;, 100mM Tris pH9.5, 0.1% (v/v) Tween® 20. The filter was developed
with NTB and BCIP X-phosphate as described by the manufacturers (Boehringer

Mannheim).
Sequencing

Sanger dideoxy sequencing (Sanger et al., 1977) was carried out on denatured double
stranded plasmid DNA, using 35S labelled dATP, a Sequenase kit (version 2.0, United
States Biochemical) and the manufacturers recommended protocol without
modification. Sequencing reactions were separated by electrophoresis as described
elsewhere. Sequences were used to search the NCBI database using the BlastN and

BlastX algorithms.

36



2.4.5 Size Fractionation of nucleic acids

Agarose Gel Electrophoresis

DNA was size fractionated on agarose gels of varying concentration (0.8-1.5% (w/v))
depending on the size of fragments to be resolved. Gels were made and run in 1 X
TBE (90mM Tris-borate, pH 8.3, 2mM EDTA) with an applied voltage in the range 2-
10 V/cm. Fragment sizes were estimated by comparison to commercial DNA markers
(123bp or 1kb ladder, BRL). Gels were stained in EtBR solution (0.5ug/ml), and
washed in distilled H20 prior to visualisation of DNA fragments by induced UV
fluorescence (254nm or 302nm). A photographic record of gels was made on 545- or

667- land film using a polaroid camera fitted with a Kodak Wratten filter No. 23A.

Denaturing agarose Gel electrophoresis of RNA

RNA was size fractionated on 1% (w/v) agarose formaldehyde gels (Sambrook et al.,
1989) made in 1 X MOPS (40mM MOPS, pH7.0, 10mM sodium acetate, ImM EDTA,
2.2M formaldehyde), and run in the same buffer with constant circulation. RNA
samples, in a volume of 5pl, were denatured by the addition of 10ul formamide, 2pl 5
X MOPS, 3.5ul formaldehyde, 1ul of EtBr (1ng/ml), and heating to 65°C for 15min.,
prior to the addition of 2ul loading buffer (30% (w/v) Ficoll 400, ImM EDTA, 0.25%
(w/v) bromophenol blue, 0.25%(w/v) xylene cyanol) and loading onto the gel. Gels

were photographed as described above.

Denaturing gel electrophoresis of sequencing reaction products

Products of DNA sequencing reactions (as described elsewhere) were resolved on
denaturing polyacrylamide gels (6% (w/v) acrylamide (acrylamide: N,N'-
bisacrylamide, 18:1), 6M urea, in 1 X TBE). To 150ml of the acrylamide/urea solution
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was added 20ul of TEMED (N,N,N',N'-tetramethylenediamine) and 1ml of freshly
prepared 10% (w/v) ammonium persulphate to initiate polymerisation, which was
allowed to procede overnight. Gels were pre-run at 2500V for 1hr. before use. Prior
to loading on the gel samples were denatured at 72°C for 2 min. in 1 X loading buffer
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